Abstract-We report the implementation of an optical-wireless 5G network based on generalized frequency division multiplexing (GFDM) and multi-Gbit/s communication. Dual-drive MachZehnder modulator was employed, enabling simultaneously RF signals transport using two 5G candidate bands, namely: 26 GHz band for providing a femtocell with 2 Gbit/s throughput; 700 MHz band for enabling rural access applying a supercell. A vector signal generator provides the broadband 26 GHz signal. The Brazilian GFDM-based 5G transceiver generates the lower-frequency signal, with the advantage of low out-of-band emission. An experimental digital performance analysis illustrates the suitability of the proposed solution to address 5G requirements.
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including microcells, picocells and femtocells.
The GFDM waveform is the core of the 5G transceiver. The innovative modulation scheme uses a non-orthogonal waveform that transmits N = MK QAM symbols per block, using M subsymbols per subcarrier and K subcarriers. Therefore, the GFDM symbol is defined as 
where dk,m is the QAM symbol transmitted at the k th subcarrier and m th subsymbol, g[n] is the transmit prototype filter and 〈(⋅)〉N is the modulo N operator [6] [7] [8] . The advantage of low OOB emission was one of the main reasons for applying GFDM, since this feature is essential for allowing the coexistence among mobile networks operating with different technologies. Furthermore, the capability of covering LTE waveforms as corner cases makes GFDM even more attractive. For instance, GFDM can cover orthogonal frequency division multiplexing (OFDM) by making M = 1, K > 1 and g[n] as a rectangular pulse. Fig. 2 (a) presents GFDM and OFDM spectra in a case where central subcarriers are switched off. One can note the GFDM OOB emission was approximately 25 dB below that generated by OFDM. The developed transceiver employs forward error control (FEC) codes for increasing data robustness against channel communication interferences. It can employ convolutional, low density check parity and polar codes, with rates of 1/2, 2/3, 3/4 and 5/6. The modulated signal is applied to a time-reversal space-time coding scheme, in which two correlated versions of the signal are generated.
This procedure allows feeding two antennas spaced by several wavelengths in order to make use of diversity gain from multipath channel at reception. A cyclic prefix (CP) and a cyclic suffix (CS) are added to the signals in order to improve robustness against the multipath channel. In addition, a digital pre-distortion (DPD) scheme has been implemented for reducing the non-linear distortions introduced 582 by electrical amplifiers (EA) at the RF front-end. Fig. 2(b) illustrates the DPD principle by exemplifying EA and DPD amplitude transfer functions, as well as the resultant linearized response.
For short, DPD identifies the EA transfer function and imposes an opposite response, aiming the output linear behavior.
In the receiver side, an automatic gain control block normalizes the input level, and after synchronization and channel estimation, the transmitter reverse process is carried out [17] . The GFDM demodulator performs the QAM demapping and delivers the received bits to the channel decoder, which provides only the relevant information to the Ethernet interface. It is worth mentioning that the prototype can operate in burst data transfer mode (BDTM), in which the RF signal is available only when there is useful information to be transmitted, or in continuous data transfer mode (CDTM), when the transmitting antennas are fed all the time. The 2x2 MIMO (multiple input multiple output) feature is also available and the transceiver parameters can be set according to channel conditions or application requirements, including transmission power, number of subcarriers and subsymbols, modulation order, frequency, bandwidth, code rates and periodicity of synchronization. and O/E conversion losses. This RF power decrement has not penalized the MER parameter, because the signal-to-noise ratio (SNR) was kept above 45 dB for PRF ≤ -4 dBm. On the other hand, the MER decreases in the RoF system for higher power levels due to modulation and photodetection process, which starts to generate undesired intermodulation components [19] . For instance, Fig.4(a) shows a reduction of 4.5 dB for PRF = 0 dBm and only 0.6 dB for PRF = -5 dBm.
The use of a 30 dB electrical amplifier at the PD output for mitigating the RoF system conversion losses made possible to keep the MER close to 40 dB for PRF ≤ -9 dBm, as reported in Fig. 4(b) . 
IV. MULTI-GBIT/S AND GFDM-BASED OPTICAL-WIRELESS 5G NETWORK
The proposed multi-Gbit/s and GFDM-based optical-wireless 5G network concept is represented in Fig. 5 , which relies on the use of a dual-drive Mach-Zehnder modulator (DD-MZM) for simultaneously modulating an optical carrier (1560 nm) with the sub-6 GHz and mm-wave signals from the 5G network. The Brazilian transceiver generates the first RF-driven signal (RF1), corresponding to a 0 dBm GFDM signal at 734 MHz with DPD on and a commercial vector signal generator (VSG) provides a 2 dBm 26 GHz signal, giving rise to the second RF-driven signal (RF2).
The main advantage of using DD-MZM is to mitigate interferences between RF1 and RF2 that come from the modulation process nonlinearity, since the distinct RF signals are independently modulated 585 at its upper and bottom arms, with distinct and optimized bias voltages.
The two RF signals are recovered by using a broadband photodetector (XPDV2150RA) and then separated by a diplexer, after being distributed by a 12.5 km optical link. Subsequently, electrical amplifiers are applied for both bands in order to increase the power to be radiated by the antennas, namely: 9 dBi gain Yagi-Uda and panel antennas for the transmission and reception in the lowerband, respectively; 25 and 13 dBi gain horn antennas for the transmission and reception in the higherband, respectively. In this way, a rural supercell has been implemented using the 734 MHz signal, whereas a high throughput indoor femtocell has been realized in the 26 GHz band. Fig. 6 displays photographs of the OWN implementation, including indoor and rural outdoor environments. A vector signal analyzer (VSA) and a second GFDM transceiver were used for evaluating the received RF signals. presented BER equal to zero and MER above the 3GPP specified limits, e.g. MER should be higher than 26.9 dB for 256-QAM [21] . Additionally, the 734 MHz GFDM signal has been evaluated at a farm ( Fig. 6(d) candidate signals through a 12.5 km optical fronthaul. The Brazilian 5G transceiver has provided a 256-QAM GFDM signal with low OOB emission and DPD, whereas a commercial VSG has generated the wideband 26 GHz signal with 16-QAM. The femtocell provided throughput from 1 to 2 Gbit/s and EVMRMS from 7.8 to 13.8%. The supercell at 734 MHz has been implemented in a rural area in order to perform 33 and 22 Mbit/s throughput at a high-school (7.51 km away) and a farm (11.48 km away), respectively. As a conclusion, the proposed solution represents a promising direction to address multiple services and the tough requirements from the 5G networks with significantly capital expenditure costs reduction and high network capillarity. Future works regard the use of GFDM and DPD also for the 26 GHz band.
